AdditW of polyethylen glycol (PEG) as an osmotic agent (at -230 kilopls).d ticaly lesened the toxicity of NaCi (at 50 moles per cubic meter) to rice (O0 sativa L) seedligs. This wasexpAied by a reductio in the uptake of Naa. This reducton was much greater th could be accounted for by the lowered transpiration rate resultidng from the solute potential changes due to the PEG.
bonding to the ether oxygen (17) , the presence of ordered cages of water around the PEG molecules in solution (see 13) , or to the existence in the solution of polyoxonium cations (2, 17) . Steuter et al. (20) speculate that the existence ofthe polyoxonium ions may affect the availability of nutrients and, certainly, interactions between PEG and nutrient solutions have been hinted at if not rigorously quantified (13) .
The most common problem with PEG in physiological work has been toxicities. This was noted for commercial products (7, 10) but the toxic elements, which are presumably residues ofthe catalysts (such as aluminum) used in polymerization, can be effectively removed by either dialysis or passage through ionexchange columns (7, 10, 16) . Formaldehyde which appears on heating (18) and possibly on standing in sunlight at room temperature may also be an important contaminant. With suitable precautions, however, the use of PEGs as inert osmotica has attained general acceptance. Some other observations, however, which may relate to the peculiar properties of aqueous PEG solutions, are not easy to explin. Most notable are their ability to clump red-blood cells (19) to precipitate soluble enzymes (21) and to promote fusion of isolated plant protoplasts (9) .
In the studies reported in this paper we initially employed PEG, in its conventional role as an inert osmoticum, to separate osmotic and ionic aspects of salinity damage to rice seedlings. However, we found effects upon ion transport and selectivity which could not be accounted for by known influences of PEG upon the water potential ofthe medium. The effect ofPEG upon ion selectivity by the root, at concentrations below the threshold for reducing transpiration, are described, and a possible mode of action proposed.
Polyethylene glycols were first used in plant physiological studies some 40 years ago when they were employed as carriers for growth substances, although in more recent years, the primary use of these compounds has been as osmotica. This use of PEGs as osmotic agents stems from the work of Dean and Moore (5) and McClendon and Blinks (12) and has continued since although beset with a number of difficulties.
Central to the use of PEG as an osmotic agent is a knowledge of the osmotic potentials of aqueous solutions. These potentials were initially determined from measurements of freezing point depression (4) but, more recently, vapor pressure osmometry and thermocouple psychometry have been favored although controversy still exists over the best methods to use (1 1, 20 the better survival and is seen primarily as Na (and/or Cl) ion toxicity (6, 23, 24) . 2). The reduction in shoot sodium concentration ranged from 30% to more than 80%. For instance, the apparent Na+ concentration in the xylem (calculated as JNa/Jv)2 was reduced from 6 to 3.5 mol m-3 in the salinity-resistant variety Bhura Rata and from 20 to 2 mol m-3 in the salinity-sensitive IR 28, i.e. reductions of 40 to 90% (derived from data in Fig. 2) . In contrst, a reduction in transpiration of 65% by increasing atmospheric humidity reduced the apparent xylem concentration of sodium by only 32% (Table I) .
It seems, then, that PEG has effects upon Nae uptake by rice varieties which are independent of its effects via changes in the water potential of the medium. This was examined fiuther by considering effects of PEG at concentrations lower than those which would normally be used for osmotic stress (Fig. 3) . Reductions in Na uptake of between 60 and 80% were produced at PEG concentrations which had no significant effect upon the transpiration rate (Fig. 3) .
Comparisons be PEG effect significant at P =0.001, otewise not ignificant at P = 0.05 (based on t tests).
concentration after 7 d growth in 50 mol m-3 NaCl by 50 to 60% (Table II) . Conversely, 10 g 1-l of mannitol (-145 kPa) had no effect whatever on sodium uptake (Table II) . This provides confirmation that a specific effect of PEGs, independent of their osmotic effect, reduces Na uptake by rice. Differential Effects of PEG on the Uptake of Ions. PEG 1540 at 10 g 17' (-33 kPa) caused no ignificant change in the shoot K+ concentration, while the concentrations of C1 and Na were depressed by 34% and 55%, respectively. PEG had no effect upon either shoot or root dry weights, nor upon the transpiraton rate (Table III) . Reduction of Na tansport from 50 mol m-3 NaCa became apparent at only -3.4 kPa (1 g 1-' ) of PEG and increased progressively with PEG concentration; but K+ was unaffected (Fig. 4) .
To examine this Na/K discrimination further, the effect of PEG on K+ transport was examined at a range of extenal K+ concentrations. Shoot K+ concentratiot was practically identical in plants grown at 0.5 and 2.0 mol m-3 K+ and at neither concentration was there any effect of PEG. At 10 mol m-3 K+, shoot K~concentration increased by 60% in the absence of PEG but this increase was prevented in the +PEG treatment (Table  IV ). An additional component of Ko uptake, which can be distinguished by PEG, was evident at high (10 mol m-3) external concentrations of K+.
Tine Course of the Effect of PEG on 'Nae Uptake and Trnsport Hitherto we have reported only long-term effects of PEG on ion tranrt and selectivity. 22Na+ uptake from 10 mol m-3 Naa was followed plus and minus PEG 1540 (-33 kPa). A reduction in Nae tansport to the shoot was evident after 24 h and became proportionately greater with time (Fig. 5) . There was no significant difference in the Nae concentration in the roots: over 96 h, the net uptake of '2Na into the plant was (Fig. 5) . The effect of PEG was more pronounced if the roots were pretreated with PEG (Fig. 6 ). This indicates either that PEG takes some time to reach all its target sites or else that the effect itself depends at least partly on a characteristic of the roots with a long half time. Only in roots which had been pretreated with PEG was there any reduction in Nae concentration in the root itself.
Mode of Action of PEG. Any proposed mechanism must be able to account for: (a) reduction in ion transport (Na+, K+, and Cl-) in the absence ofeffects upon either growth or transpiration; (b) differential effects upon Na+ and K+; and (c) a greater effect upon shoot Na+ concentration than upon root Na+ concentra- tion.
PEG 1540 (at -33 kPa) produced only minimal reductions in the conductivity of NaCI and KCI solutions of 10 mol m-3 concentration (1.6 and 4.1%, respectively) and elicited no change in the activity of K+ as measured by a K+ ion electrode. PEG did not produce solution effects which could explain its large and differential effect upon Na+ and K+ uptake.
It follows that PEG must interact with the plant material and it is necessary to posulate, at least, that PEG travels substantial distances in the apoplast in quantities sufficient to affect membrane transport sites, carrier independent membrane permeability, or the membrane bypass flow. There are several reports that PEGs of substantial mean mol wt do in fact enter plant tissues. Carpita et al. ( 3) used a range of molecules of differing size, including PEG, to estimate the pore sizes ofcell wals, observing the molecular size at which there was a transition from plasmolysis (collapse of the protoplast) to cytorrysis (collapse of the cell wall) in high external concentrations. Depending upon the plant tissue used, the range was from 3.5 to 5.2 nm. PEG 1540 has a mean diameter of 3.8 nm and the upper limit (5.2 nm) would Plant Physiol. Vol. 75, 1984 also include PEG 6000 (3). Even PEG 20,000 passed from root medium to leaves of beans unaltered (10) . The rather long half time for full expression suggested by the pretreatment studies (Fig. 6 ) would be compatible with a rather slow permeation of PEG in the apoplastic continuity.
The data in Table IV are evidence that K+ transport at 10 mol m 3 K+ has a component which can be distinguished by PEG from the mechanism(s) responsible for K+ uptake at 2 mol m-3 K+. There are two possible explanations. (a) If all K+ uptake is carrier-mediated, then PEG must discriminate between different carrier molecules which would be responsible for K+ transport from different external concentrations. (b) There is some additional carrier-independent entry of K+ at high external K+ concentrations and it is this which is prevented by PEG. It is our opinion that the first postulate is not credible since it requires highly specific protein recognition by a PEG molecule ofperhaps 6000 D. The Na+/K+ discrimination can be more reasonably explained by an effect of PEG on carrier-independent influx which is likely to be important in Na entry in saline conditions and is a plausible interpretation ofthe PEG-sensitive component of K+ uptake in Table IV. Such carrier-independent pathways are membrane leakage, and the membrane bypass flow.
There is no direct evidence to dismiss a blockage ofthe bypass flow, other than implausibility. It would be necessy to suppose that PEG could distinguish between the bypass route (undifferentiated endodermis and endodermal rupture by lateral roots, etc.; cf. 14) and the rest of the water movement pathway. An explanation based solely on the bypass flow requires that this contributes at least 70% of the shoot Na+ at 10 mol m-3 NaCl and that -33 kPa of PEG blocks it specifically and effectively. We feel such a proposition to be untenable.
There are ways in which PEG could interact directly with the membrane. The action of PEG as a 'molecular bridge' was proposed by Kao and Michayluk (9) to account for its ability to promote protoplast fusion; it was envisaged as linking adjacent protoplasts together by multiple attachment. The enormous PEG concentrations (250-500 g 1-' of PEG 1540) needed to achieve this, however, implicate the importance of other, probably osmotic, factors.
The potential for ionic interactions at the membrane surface to affect membrane permeability is considerable: for instance, PEG could form H-bonds with proteins and carbohydrates (cf 9) , and divalent Ca24 ions could be involved in forming bridges between the membrane surface and the PEG molecule. Furthermore, the polyoxonium cation (2, 17) (Table V) . It would be expected from this explanation that PEG should have much less effect upon a species with better control of Na4 uptake in the first place (i.e. a more salt resistant glycophyte-a better 'excluder' in that terminology). This was examined in barley, one ofthe more salt-resistant crop cereals. Sodium uptake to the leaves of barley was substantially lower than rice in the same conditions and was reduced by only 15% and 16% by PEG at -33 kPa and -230 kPa, respectively.
It is not necessary to postulate a role of PEG other than at the cortical plasma membranes if it is assumed only that the cortical vacuoles compete strongly for Na4 with flux to the xylem. In this event, restricted Na4 uptake at the plasmalemma would lead to transport to the shoot only once the cortical vacuoles had achieved their steady state. Consequently, shoot concentration could be affected more than root concentration (see Fig. 5 ) without postulating a need for a PEG effect inside the cortical plasmalemma.
The differential effect of PEG on Na4 and K4 uptake in rice em ph the different modes of entry of the saline and the nutrient ion. Moreover, the results emphasize the importance of uncontrolled Na4 entry in the sensitivity of rice to salinity and contrast it with the situation in the more reistant barley. The proposed explanation of the results reported here strongly implicates the passive ion permeability of the root membranes in salt sensitivity in rice. If this interpretation is correct, then quite minor changes in membrane properties can have profound effects upon salinity resistance of sensitive species. Rice has other physiological mechanisms to assist the reistance of the consequences of excessive NaCl uptake (23) (24) (25) as do many species. However, excessive uncontrolled salt entry is central to salinity damage.
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